Abstract: We have previously reported that the proinflammatory cytokine interleukin (IL)-1␣ can up-regulate functional Toll-like receptor 2 (TLR2) expression in primary-cultured murine hepatocytes, and bacterial lipopeptide (BLP) is capable of signaling through TLR2 to induce serum amyloid A (SAA) expression in hepatocytes. In the present study, we investigated the effect of the anti-inflam-
INTRODUCTION
Toll is the type I transmembrane protein that controls the dorsoventral pattern formation during embryogenesis of Drosophila melanogaster and the adult antifungal immune response [1] . Recently, mammalian homologues of the Toll-like receptor (TLR) have been identified, and 10 members have been cloned to date. TLRs, interleukin-1 receptor (IL-1R), and IL-18R share a common signal-transduction pathway through their Toll/IL-1R homologous region domains. In mammals, stimulation of TLR or IL-1R leads to the sequential activation of the adaptor protein myeloid differentiation factor 88, the IL-1R-associated kinases, tumor necrosis factor (TNF) receptor-associated factor 6, and eventually, the inhibitor of B (IB) kinase complex (IKK␣, ␤, ␥). The nuclear factor (NF)-B/Rel family of transcription factors is maintained in the cytoplasm as inactive complexes with inhibitory proteins called IBs. The IKK complex phosphorylates the IBs, targeting them for ubiquitination and degradation by the proteasome. Degradation of IB liberates NF-B/Rel dimers, which translocate to the nucleus and augment the expression of NF-Bresponsive genes such as defense-related and antiapoptotic genes [1] [2] [3] .
TLR2 has been shown to function as a pattern recognition receptor for diverse bacteria and their products, including the mycobacterial arabinose-capped lipoarabinomannan, mannosylated phosphatidylinositol, peptidogycan, lipopolysaccahride (LPS) from Leptospira interrogans and Porphyromonas gingivalis, and lipoproteins (LPs) from various sources [1] . Bacterial LPs (BLPs), which are expressed by all bacteria, are potent activators for TLR2 [4 -6] .
We have studied the regulation of TLR2 and TLR4 gene expression in murine tissues, especially liver, and found that TLR2, but not TLR4, mRNA was up-regulated by proinflammatory cytokines (IL-1␣ or TNF-␣) or TLR4 agonist (LPS) but not by IL-6 [7] . Recently, we found that IL-1␣ was the most potent in up-regulating functional TLR2 expression in primarycultured murine hepatocytes [8] . Transforming growth factor-␤ (TGF-␤) is a multifunctional immunomodulator with immunosuppressive effects. TGF-␤ is produced at a later phase in inflammation and works as a negative regulator of inflammation. However, the regulatory mechanism of TGF-␤ for inflammation is largely unknown. In the present study, we investigated the effect of TGF-␤ on TLR2 expression in primarycultured murine hepatocytes. In this study, we show that TGF-␤ inhibits functional TLR2 expression by IL-1␣ in primary mouse hepatocytes and that this inhibition is regulated at the transcriptional level. We also show that TGF-␤ suppresses TLR2 promoter activity and NF-B activation by IL-1␣ through down-regulation of type I IL-1R (IL-1RI) expression.
MATERIALS AND METHODS

Reagents
Human recombinant (rHu)-TGF-␤ was purchased from R&D Systems (Minneapolis, MN). rHu-IL-1␣ (2.0ϫ10 7 U/mg) was kindly provided by Dainippon Pharmaceutical Co. (Osaka, Japan). Synthetic bacterial lipopeptide Pam 3 -CysAla-Gly-OH (BLP), corresponding to the N-terminal region of a BLP, was purchased from Bachem (Torrance, CA). Actinomycin D was purchased from Sigma Chemical Co. (St. Louis, MO). Anti-mouse TLR2 antibody and anti-␤-actin mouse monoclonal antibody (mAb) were obtained from eBioscience (San Diego, CA) and Sigma Chemical Co., respectively. Fetal bovine serum (FBS) was purchased from HyClone (Logan, UT).
Mice
Female ICR mice (7 weeks of age) were purchased from Charles River (Yokohama, Japan) and were maintained under specific, pathogen-free conditions with food and water available ad libitum. Animals were used in experiments after 1 week acclimation. The mice were treated according to the guideline of the ethical committee of the Graduate School of Pharmaceutical Sciences, Nagoya City University (Japan).
Mouse hepatocyte cultures
Mouse hepatocytes were isolated using a modification of the collagenase method and cultured as described previously [8] . Briefly, the liver was perfused in situ with 0.0125% collagenase (Sigma Chemical Co.) through the portal vein. The total liver cells isolated were centrifuged five times at 50 g for 1 min at 4°C to remove nonparenchymal cells. The cells were finally suspended in Williams' medium E containing 10% heat-inactivated FBS, 100 U/ml penicillin G, 100 g/ml streptomycin, 10 Ϫ8 M dexamethasone, and 10 Ϫ7 M insulin at a density of 5 ϫ 10 5 cells/ml. The cell suspension (10, 4, and 0.5 ml) was cultured in collagen-coated, 100 60-mm dishes and 24-well plates (Becton Dickinson Labware, Franklin Lakes, NJ), respectively. The cell suspension contained Ͼ95% hepatocytes, according to the presence of dinuclear phenotype detected by staining with diamidinophenyl indole, and the viability of the cells was Ͼ80% by trypan blue exclusion. If the viability were Ͻ80%, the cells were not used. After incubation for 4 h at 37°C in 5% CO 2 in air, nonadherent cells were removed, and fresh medium was added. After another 20 h incubation, the hepatocytes were washed twice and then stimulated with various reagents in fresh medium.
Hepatoma cells
Murine hepatoma cell line Hepa 1-6, a derivative of the BW7756 mouse hepatoma that arose in a C57/L mouse [9] , was a gift of Dr. De Yang (National Cancer Institute, Frederick, MD). The cells were maintained in Dulbecco's modified Eagle's medium supplemented with 2 mM glutamine and 10% FBS.
RNA extraction and Northern blot analysis
Total RNA was extracted from hepatocytes seeded in 100-mm plates, and Northern blot analysis was performed as described previously [8] . Total RNA (30 g) was separated in a 1% agarose gel containing 2% formaldehyde and transferred onto a filter, Hybond-Nϩ (Amersham Pharmacia Biotech, Buckinghamshire, UK), with 20ϫ saline sodium citrate. A 548-bp murine TLR2 fragment and a 392-bp murine glyceraldehyde 3-phosphate dehydrogenase (GAPDH) fragment as DNA probes were obtained by reverse transcriptasepolymerase chain reaction (RT-PCR) using mRNA derived from RAW264.7 and EL-4 6.1 C10 cells, respectively. Primers used for TLR2 (548 bp) were 5Ј-GGCCAGGTTCCAGTTTTCAC-3Ј and 5Ј-GGAACAACGAAGCATCT-GGG-3Ј, and those for GAPDH (392-bp) were 5Ј-TGGTCTACAGGATCCAG-TATGACTCC-3Ј and 5Ј-TGATGGCATGGATCCTGGTCATGAGC-3Ј [8] . The TLR2 fragment was cloned into the HindIII-and BamHI-digested pcDNA3.1 vector. The GAPDH fragment was cloned into the BamHI site of the pGEM-3Z vector.
Preparation of cell extracts and Western blot analysis
Preparation of cell extracts from hepatocytes seeded in 60-mm dishes and Western blot analysis were performed as described previously [8] . After the cells were treated for indicated periods of time, the medium was removed. The cells were washed three times with ice-cold phosphate-buffered saline, and the plates were chilled on ice immediately. An amount equal to 0.4 ml ice-cold lysis buffer (20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 120 mM NaCl, 0.5% Triton-X, 50 mM NaF, 10 mM sodium pyrophosphate, 10 mM sodium orthovanadate, 10 g/ml leupeptin, 10 g/ml antipain, 100 g/ml benzamidine hydrochloride, 50 g/ml aprotinin, 100 g/ml soybean trypsin inhibitor, 10 g/ml pepstatin, 1 mM phenylmethylsulfonyl fluoride) was added into the plates and stirred for 15 min. The cells lysates were collected by a rubber polishman and sonicated. The cell debris was pelleted by 5 min centrifugation in a microcentrifuge, and the supernatants were collected. For Western blots, equal amounts of proteins were suspended in sodium dodecyl sulfate (SDS) sample buffer. After boiling for 5 min, proteins were stored at -80°C until they were used. The proteins were separated by 8% SDS-polyacrylamide gel electrophoresis (PAGE). The separated proteins were transferred to a polyvinylidene difluoride (PVDF) microporous membrane, Immobilon TM PVDF (Millipore, Bedford, MA). After blocking with 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween 20, membranes were incubated with rabbit serum anti-mouse TLR2 (eBioscience) or anti-␤-actin mouse mAb (Sigma Chemical Co.) as a loading control at 1:1000 dilution and then with horseradish peroxidase (HRP)-conjugated anti-rabbit immunoglobulin G (IgG; 1:10,000, Jackson ImmunoReseach, West Grove, PA) or anti-mouse Ig HRP-linked whole antibody (1:5000, Amersham Pharmacia Biotech), respectively. The reactive proteins were detected with enhanced chemiluminescence reagents (Amersham Pharmacia Biotech) and were analyzed by a chemiluminescence image analyzer, LAS-1000 (Fuji Photo Film, London, UK).
Measurement of murine TLR2 promoter activity, NF-B activation, and serum amyloid A (SAA) promoter activity Primary-cultured mouse hepatocytes were transiently transfected with pGL3-TLR2 promoter construct [8] (for TLR2 promoter reporter gene assay), pGL3-4B wild-type (wt) construct (for NF-B reporter gene assay), kindly provided by Dr. Takashi Okamoto (Department of Molecular and Cellular Biology, Nagoya City University Graduate School of Medical Sciences), and pGL3-BALB/c-Saa1 promoter construct or pGL3-BALB/c-Saa2 promoter construct [10] (for Saa promoter reporter gene assay) in the presence of pCMV-␤-galactosidase (␤-gal) and pCMV in 24-well plates by lipofection using effectene (Qiagen GmbH, Hilden, Germany) according to the manufacturer's instructions. Luciferase assay was performed with the Luciferase reporter gene assay kit (Roche, Germany) as described previously [8] . Statistical significances were calculated using Student's t-test (*, PϽ0.05; **, PϽ0.01).
RT reaction and PCR analysis
The RT reaction was performed as described previously [7] . Reaction mixtures were diluted fivefold with ddH 2 O to give cDNA stocks that were stored at 4°C until PCR analysis. Primers used for IL-1RI were 5Ј-TCTTTGGTTTGTACCT-GCCA-3Ј and 5Ј-TATTACTCGTGTGACCGGAT-3Ј [11] ; for IL-1RII, 5Ј-GAGCAAATGTCTGTGGAACT-3Ј and 5Ј-ATGATGCTGGTATTGTCTCC-3Ј [11] ; for GAPDH, 5Ј-TCGGTGTGAACGGATTTGGC-3Ј and 5Ј-CTCTTGCT-CAGTGTCCTTGC-3Ј [7] . PCR reactions contained 1ϫ PCR buffer, 0.4 mM deoxy-unspecified nucleoside 5Ј-triphosphates, 2.5 ng forward and reverse primers, 0.005 U Ampli Taq Gold TM DNA polymerase (Perkin Elmer, Wellesley, MA), and 5 l cDNA solution in a 10-l vol. IL-1RI, IL-1RII, and GAPDH cDNAs were amplified for 25 cycles of 94°C (denaturation) for 1 min, 58°C (annealing) for 1 min, and 72°C (primer extension) for 1 min. PCR products (5 l) were analyzed on 1.5% agarose gels in the presence of ethidium bromide. Fragments of 400 bp (IL-1RI, 473-872), 400 bp (IL-1RII, 477-876), and 1035 bp (GAPDH, 57-1091) were generated; the restriction endonuclease patterns of each were consistent with those of the respective genes.
RESULTS
TGF-␤ inhibits TLR2 mRNA and protein expression by IL-1␣ in murine hepatocytes
We determined the level of TLR2 mRNA in primary-cultured murine hepatocytes treated with TGF-␤, IL-1␣, or the combination of TGF-␤ and IL-1␣ for 6, 12, and 24 h by Northern blot analysis using a specific probe for murine TLR2 (Fig. 1A) . The expression level of TLR2 mRNA was significantly augmented by IL-1␣ treatment, and the level sustained up to 24 h, which is consistent with our previous observation [8] . It is interesting that TGF-␤ could weakly up-regulate TLR2 mRNA expression at 12 and 24 h and partially inhibit IL-1␣-induced TLR2 mRNA expression at all time points. To examine whether TGF-␤ also suppresses TLR2 protein expression induced by IL-1␣, we determined the TLR2 protein levels in primarycultured hepatocytes treated with these cytokines for 24 h by Western blot analysis (Fig. 1B) . The changes in TLR2 protein were similar to those observed for TLR2 mRNA. Similar effects of TGF-␤ and IL-1␣ on TLR2 protein expression were observed in murine hepatoma cell line Hepa 1-6 (Fig. 1C) , indicating that these cytokines affect hepatocytes directly.
TGF-␤ suppresses IL-1␣-induced TLR2 expression in murine hepatocytes
The SAA gene family encodes constitutive (C-SAA) and acutephase (A-SAA) proteins [12] . In the mouse, the A-Saa genes have been categorized further according to the principal sites of their expression, as hepatic (Saa1 and Saa2) and extrahepatic (Saa3) [13] . We previously reported that the TLR2 ligand BLP is capable of signaling through TLR2 to induce hepatocytes to produce A-SAA [8] . To determine whether TGF-␤ suppresses IL-1␣-induced TLR2 expression in primary-cultured murine hepatocytes, we performed luciferase assays following transfection with mouse Saa1 and Saa2 promoter reporter constructs [10] (Fig. 2) . Pretreatment with IL-1␣ up-regulated the basal level of the promoter activity. BLP-mediated activation of the two Saa promoters was augmented by pretreatment with IL-1␣ but not with TGF-␤ or the combination of TGF-␤ and IL-1␣. These data suggest that Fig. 1 . TGF-␤ inhibits IL-1␣-induced TLR2 mRNA and protein expression in primary-cultured murine hepatocytes. (A) Mouse hepatocytes were treated with or without rHu-IL-1␣ (10 U/ml), rHu-TGF-␤ (100 PM), or the combination of rHu-IL-1␣ (10 U/ml) and rHu-TGF-␤ (100 PM), and total RNA was extracted at the indicated periods of time. The levels of TLR2 and GAPDH mRNA were determined by Northern blot analysis. Relative intensity of TLR2 mRNA was shown by normalization with GAPDH mRNA. (B and C) Hepatocytes (B) or Hepa 1-6 cells (C) were treated with or without rHu-IL-1␣ (10 U/ml), rHu-TGF-␤ (100 PM), or the combination of them. The cells were lysed at 24 h, and equal amounts of protein were subjected to SDS-PAGE. Western blotting was performed with antimouse TLR2 or anti-␤-actin. Similar results were obtained in three independent experiments. Fig. 2 . Effects of pretreatments with IL-1␣ and TGF-␤ on BLP-induced Saa promoter activity in primary-cultured murine hepatocytes. Cells cotransfected with pGL3-BALB/cSaa1 promoter or pGL3-BALB/c-Saa2 promoter constructs in the presence of pCMV-␤-gal were treated with rHu-IL-1␣ (10 U/ml), rHu-TGF-␤ (100 PM), or the combination of rHu-IL-1␣ (10 U/ml) and rHu-TGF-␤ (100 PM) for 24 h before BLP (1 g/ml) treatment for 6 h. The luciferase activity was normalized with ␤-gal activity in the same well. The average (meanϮSD) of triplicate wells is shown. *, **, Significant differences compared with medium alone. Experiments were conducted three times, and similar results were obtained.
TGF-␤ cannot up-regulate TLR2 expession and that TGF-␤ actively suppresses IL-1␣-induced TLR2 expression.
TLR2 promoter activity and NF-B activation by IL-1␣ are inhibited by TGF-␤ in murine hepatocytes
We previously showed that NF-B activation contributes to IL-1␣-induced TLR2 promoter activity in primary-cultured murine hepatocytes [8] . To determine whether TGF-␤ affects the level of TLR2 transcription, luciferase reporter assays using mouse TLR2 promoter reporter and NF-B reporter constructs were performed (Fig. 3) . TLR2 promoter activity and NF-B activation were significantly augmented by treatment with IL-1␣ but not with TGF-␤. Both of the activities induced by IL-1␣ could be substantially inhibited by cotreatment with TGF-␤ for 24 h. Thus, the inhibitory effect of TGF-␤ acts at the transcriptional level. In contrast to the result of 24 h cotreatment, there was no effect of TGF-␤ on IL-1␣-induced TLR2 promoter activity or NF-B activation after only 6 h of treatment. These data suggest that TGF-␤ does not affect IL-1␣ signaling directly.
TGF-␤ down-regulates IL-1RI expression in murine hepatocytes
TGF-␤ modulates IL-1R expression in positive and negative manners [14 -16] . We determined whether TGF-␤ affects IL-1RI mRNA expression in primary-cultured murine hepatocytes. RT-PCR was used, as IL-1RI mRNA levels in control hepatocytes were below the limit of detection by Northern blot analysis (data not shown). As shown in Figure 4 , IL-1RI mRNA was significantly down-regulated by TGF-␤ treatment. In contrast, IL-1␣ treatment up-regulated IL-1RI mRNA in accordance with our previous data [17] . However, the inductive effect of IL-1␣ was abolished by cotreatment with TGF-␤. We were unable to detect expression of mRNA specifying the decoy receptor IL-1RII [18] under any of the experimental conditions used (data not shown).
Next, we attempted to determine whether TGF-␤ decreases cell-surface IL-1RI in primary-cultured murine hepatocytes by binding assay using [ 125 I] IL-1. However, specific [
125 I] IL-1-binding activity was too low in control hepatocytes to permit accurate analysis (data not shown). We then examined whether a 12-h pretreatment with TGF-␤ affects NF-B activation and TLR2 promoter activity (Fig. 5) by IL-1␣. Such exposure to TGF-␤ strongly suppressed IL-1␣-induced NF-B activation and TLR2 promoter activity that could otherwise be induced by a subsequent treatment with IL-1␣. This finding was consistent with the down-regulation of IL-1RI mRNA expression described above. These results suggest that TGF-␤ suppresses IL-1␣-mediated NF-B activation and TLR2 promoter activity by down-regulating IL-1RI expression.
DISCUSSION
Many cell types, including macrophages, monocytes, and neutrophils, produce IL-1 [19] . It exhibits many effects on hepatocytes, such as induction of acute-phase proteins and nitric oxide synthase. Recently, we have reported that IL-1␣ augments the BLP-mediated response of murine hepatocytes by up-regulating TLR2 mRNA and protein expression [8] . In the liver, cells other than hepatocytes, such as Kupffer cells and hepatic stellate cells, mainly produce TGF-␤ [20] , which is produced at a later phase in inflammation and acts as a negative-inflammatory regulator: It has been reported to inhibit the production of H 2 O 2 , IL-1, IL-6, and TNF-␣ by macrophages/monocytes [21, 22] . However, the molecular mechanism of TGF-␤ action is largely unknown. In the present study, we show that TGF-␤ inhibits IL-1␣-induced TLR2 expression in murine hepatocytes.
Treatment of murine hepatocytes with TGF-␤ alone augmented the expression of TLR2 at the mRNA and protein levels. However, TGF-␤ inhibited the induction of IL-1RI mRNA and protein expression mediated by IL-1␣. Although it has been reported that TGF-␤ regulates gene expression at transcription level and mRNA stability [23] [24] [25] , in our study, TGF-␤ inhibited the TLR2 promoter activity and NF-B acti- Fig. 4 . Regulation of IL-1RI mRNA expression in primary-cultured hepatocytes. Mouse hepatocytes were treated with or without rHu-IL-1␣ (10 U/ml), rHu-TGF-␤ (100 PM), or the combination of rHu-IL-1␣ (10 U/ml) and rHu-TGF-␤ (100 PM), and total RNA was extracted at the time-points indicated. IL-1RI and GAPDH mRNA levels were determined by RT-PCR. The representative data of three independent experiments are shown. Fig. 3 . Effects of IL-1␣ and TGF-␤ on TLR2 promoter activity and NF-B activation in primary-cultured murine hepatocytes. Hepatocytes were cotransfected with pGL3-TLR2 promoter or pGL3-4B construct and pCMV-␤-gal. Following transfection, the cells were treated with rHu-IL-1␣ (10 U/ml), rHu-TGF-␤ (100 PM), or the combination of rHu-IL-1␣ (10 U/ml) and rHu-TGF-␤ (100 PM) for 6 h and 24 h. The luciferase activity was normalized with ␤-gal activity in the same well. The average (meanϮSD) of triplicate wells is shown. *, **, Significant differences compared with IL-1␣ alone. Experiments were conducted three times, and similar results were obtained.
vation that could be induced by IL-1␣ (Fig. 3) . The stability of TLR2 mRNA was not affected by TGF-␤ (data not shown). Thus, the inhibitory effect of TGF-␤ appeared to act at the transcriptional level. The reporter gene assay for TLR2 promoter activity and NF-B activation suggested that TGF-␤ does not directly affect IL-1 signaling, as 6 h of TGF-␤ treatment (but not 12 h) was insufficient to inhibit the augmenting effect of IL-1. Therefore, we consider it likely that TGF-␤ acts in murine hepatocytes by modulating IL-1R expression.
TGF-␤ is known to regulate IL-1R expression in positive and negative manners [14 -16] . As expected in primary-cultured murine hepatocytes, TGF-␤ decreased IL-1RI mRNA levels in control cells and also inhibited the IL-1␣-induced up-regulation of IL-1RI mRNA (Fig. 4) . In addition, positive indices of IL-1 signaling such as NF-B activation and TLR2 promoter activity were strongly inhibited by TGF-␤ pretreatment (Fig. 5) . These results suggest that TGF-␤ down-regulates cell-surface IL-1RI, although we were unable to determine the level of cell-surface IL-1RI, as it was at the limit of detection. Our data may also suggest that although IL-1␣ up-regulates IL-1RI to sustain and enhance its capacity to signal and induce gene targets such as TLR2, TGF-␤ can inhibit such upregulation of IL-1RI expression and thereby suppress the induction of functional TLR2 expression by IL-1␣. This hypothesis was supported by evidence that TGF-␤ inhibited TLR2 mRNA expression by IL-1␣ at late phase such as 12 and 24 h but not at early phase (Fig. 1) . The inhibitory effect of TGF-␤ was specific to IL-1, as TGF-␤ did not down-regulate TLR2 expression induced by TNF-␣, LPS, or BLP (data not shown).
Recently, we found that BLP is an inducer of A-SAA in murine hepatocytes [8] . A-SAA acts as a chemoattractant for immune cells such as monocytes, polymorphonuclear cells (PMN), mast cells, and T lymphocytes [26] . A-SAA is also an activator of PMN antimicrobial functions, such as induction of degranulation, phagocytosis, and enhancement of anti-Candida activity [27] . Our findings, therefore, suggest that positive and negative regulation of hepatic TLR2 expression by IL-1␣ and TGF-␤ contributes to the control of host-defense mechanisms against pathogens by changing the hepatocyte response to bacteria or bacterial products.
In conclusion, we have demonstrated that the anti-inflammatory cytokine TGF-␤ inhibits functional TLR2 expression by the proinflammatory cytokine IL-1␣ in primary-cultured murine hepatocytes and that this inhibition is regulated at the transcriptional level. Our data suggest that TGF-␤ suppresses IL-1␣-mediated NF-B activation, TLR2 promoter activity, TLR2 mRNA expression, and TLR2 expression by down-regulating IL-1RI expression. The elucidation of the reciprocal biological and physiological effects of IL-1␣ and TGF-␤ will contribute to our understanding of the regulatory mechanism of TLR2 expression during systemic inflammation and infection. Fig. 5 . Effects of IL-1␣ and TGF-␤ on TLR2 promoter activity and NF-B activation in primary-cultured murine hepatocytes. Hepatocytes were cotransfected with pGL3-TLR2 promoter or pGL3-4B construct and pCMV-␤-gal. Following transfection, the cells were treated with or without rHu-TGF-␤ (100 PM) for 12 h before rHu-IL-1␣ (10 U/ml) treatment for 12 h. The luciferase activity was normalized with ␤-gal activity in the same well. The average (meanϮSD) of triplicate wells is shown. **, Significant differences compared with no TGF-␤ pretreatment. Experiments were conducted three times, and similar results were obtained.
